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We report on low-temperature electronic transport measurements of a silicon metal-oxide-
semiconductor quantum dot, with independent gate control of electron densities in the leads and the
quantum dot island. This architecture allows the dot energy levels to be probed without affecting
the electron density in the leads, and vice versa. Appropriate gate biasing enables the dot occupancy
to be reduced to the single-electron level, as evidenced by magnetospectroscopy measurements of the
ground state of the first two charge transitions. Independent gate control of the electron reservoirs
also enables discrimination between excited states of the dot and density of states modulations in
the leads.
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The ability to confine a single electron in a semicon-
ductor quantum dot is an indispensable criterion for the
implementation of quantum logic gates based on electro-
statically confined electron spins, as proposed by Loss
and DiVincenzo [1]. Most of the pioneering work on
single-electron quantum dots has been done on devices
based on GaAs/AlGaAs heterostructures [2, 3], in which
the spin degree of freedom suffers from strong decoher-
ence due to the presence of nuclear spins in the substrate.
Therefore the group-IV semiconductors, which can be
made essentially nuclear-spin free, constitute an appeal-
ing alternative for the fabrication of single-electron dots.
The single-electron regime has already been achieved in
nanowires of silicon [4], carbon nanotubes [5, 6, 7, 8], and
heterostructures of Si/SiGe [9].
Tunable silicon quantum dots [10, 11, 12] in metal-
oxide-semiconductor (MOS) structures have been real-
ized recently. However, it is difficult to obtain a single-
electron dot in these devices because the upper gate si-
multaneously controls the occupancy of the dot and the
electron density of the accumulation layer in the leads.
Therefore, the leads are depleted and eventually turned
off as the number of electrons in the dot is decreased,
which inhibits transport experiments down to a single
electron.
In this letter we introduce a silicon quantum dot with
independent control over the electron density in the is-
land and the leads. This structure has overcome two key
engineering challenges: (i) precision alignment between
gate layers; and (ii) electrical isolation between gates to
prevent leakage. By using a plunger gate, we can tune
the energy levels in the dot. Additionally, the lead gates
of the device enable us to vary the electron density in the
reservoirs without affecting the dot, allowing for discrim-
ination between excited states of the dot and density of
states (DOS) modulations in the leads. With this multi-
gate structure it is possible to reduce the occupancy of
the quantum dot to a single electron, while still having
a large electron density in the source−drain reservoirs to
enable transport measurements. Magnetospectroscopy of
the ground state of the first two charge transitions reveals
that the first two electrons to occupy the dot are both
spin-down.
The quantum dot structures investigated in this work
were fabricated on a high-resistivity (ρ > 10 kΩ cm at 300
K) silicon substrate. Standard Si microfabrication tech-
niques were employed to create the thin gate-oxide, field-
oxide and ohmic contacts. Electron-beam lithography
(EBL), thermal evaporation and lift-off processes were
used to pattern the aluminum gates above the SiO2. The
electrical isolation between gate levels was achieved by
oxidizing the aluminum gates to create a 5-nm-thick alu-
minum oxide layer. Most of these fabrication steps have
been described fully elsewhere [10] for previous Si MOS
quantum dot structures. The devices discussed here also
include a plunger gate, which is electrically isolated from
the lower gates by aluminum oxide and patterned us-
ing EBL with an alignment accuracy of ∼20 nm between
gate levels. Overall, we measured 12 devices; each with 5
gate electrodes at 4 K. Of the 60 gates tested, we found
gate−substrate leakage in 10 gates, with 4 complete de-
vices operating optimally. Subsequently, 2 quantum dot
devices were cooled to 50 mK, both showing single-dot
behavior.
Figures 1(a) and 1(b) show a scanning electron micro-
scope (SEM) image and a schematic cross-section of a
single-dot device, respectively. The lowest layer of gates
are barrier gates (B1 and B2) with width 30 nm and sep-
aration 30 nm. The second layer of gates defines the
source−drain leads (L1 and L2), which are patterned
to overlap partially with the barrier gates, extending to
the phosphorus in-diffused n+ source and drain contacts.
The plunger gate (P), which extends over the barrier
gates, lead gates and the dot island, is ∼50 nm wide and
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FIG. 1: (a) SEM image and (b) schematic cross section of a
Si MOS quantum dot. The barrier gates, B1 and B2, con-
trol the tunnel coupling between the dot and the reservoirs.
The lead gates, L1 and L2, control the electron density of
the accumulation layer in the leads, while the plunger gate,
P, independently controls the electron occupancy in the dot.
The additional gate, Q, was not used in this experiment. (c)
Stability diagram of the device in the many-electron regime
for VL1=VL2=2.5 V, VB1=0.568 V, and VB2=0.492 V. By de-
creasing VP, the tunnel barriers become more opaque.
∼120 nm thick. The barrier gates define the dot spatially
and control the tunnel coupling; the lead gates induce
the electron accumulation layers that act as source−drain
reservoirs; and the plunger gate controls the electron oc-
cupancy of the dot. The lithographic size of the quantum
dot is estimated to be ∼30×50 nm2. This multi-gated
structure provides excellent flexibility for tuning the bar-
rier transparency and the quantized energy levels of the
dot independently.
Electrical transport measurements were performed in
a dilution refrigerator at a base temperature of ∼50 mK.
An ac source−drain excitation voltage Vsd typically be-
low 100 µV at a modulation frequency of 13 Hz was ap-
plied to the device, in combination with a dc voltage VSD.
Standard lock-in techniques were used to monitor the dif-
ferential conductance dI/dVsd while the source−drain dc
current ISD was measured with a digital multimeter.
Figure 1(c) shows bias spectroscopy data with roughly
40 electrons on the dot. At high plunger gate voltage VP,
the device readily allows the creation of a single quantum
dot, as evidenced by the stable and regular Coulomb
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FIG. 2: (a) Stability diagram of the device in the few-electron
regime for VL1=VL2=2.6 V, VB1=0.485 V, and VB2=0.660 V.
The last diamond opens up completely, which is a strong in-
dication that we observe the last electron tunneling out of the
dot. Distortions from an unintentional dot are visible between
VP=800 and 900 mV. (b) The Coulomb peak heights of the
last 10 electrons are typically 25 nS, and the conductance of
the last peak is 12 nS. At lower VP, there is no observable
peak above the noise floor. (c) Magnetospectroscopy of the
ground states of the first two electrons for VL1=VL2=2.45 V,
VB1=0.520 V, and VB2=0.680 V. Evolution of the 0−1 and
the 1−2 Coulomb peaks with magnetic field shows that two
spin-down electrons enter the dot.
diamonds. The charging energy EC = 6 meV in this
regime, yielding a total capacitance of the quantum dot
CΣ = e2/EC ≈ 30 aF. From the period of Coulomb os-
cillations, we extract the plunger-gate-to-dot capacitance
CP = e/∆VP ≈ 6.5 aF. The number of electrons can be
reduced by decreasing VP, but the tunnel barriers become
less transparent. Due to the tunability of this device we
are able to counteract the loss of barrier transparency by
increasing VB1, B2, which results in a measurable current
through the dot down to its last electron.
A stability diagram of the quantum dot in the few-
electron regime is depicted in Fig. 2(a). After the last
two charge transitions, the diamond edges open up en-
tirely to a source−drain voltage |VSD| > 20 mV, a strong
indication that the last electron has been depleted from
the dot. We observe significant distortions (especially be-
tween VP=0.8 and 0.9 V) owing to an unintentional paral-
lel dot. This undesired effect has also masked the visibil-
ity of excited states at those charge transitions. In Figure
2(b), we plot the conductance as a function of plunger
3gate voltage at zero bias (VSD = 0). The Coulomb peak
heights of the last 10 electrons are typically 25 nS [besides
one exceptionally high peak (∼350 nS) due to distortions
from the accidental dot at VP=0.86 V], and the conduc-
tance of the last peak is 12 nS. At lower VP, there is no
observable peak above the noise floor of 0.5 nS down to
VP=400 mV, nor do we observe any conductance above
the noise floor at VSD=±20 mV, providing strong evi-
dence that the last electron has been depleted from the
dot. In a further extension of this architecture, we plan to
integrate a charge sensor to provide an additional moni-
tor of the electron occupancy, as demonstrated for other
quantum dot systems [9, 13, 14].
Magnetospectroscopy of the first two charge transitions
has been performed by sweeping the plunger gate voltage
VP while stepping the in-plane magnetic field, B‖ [Figure
2(c)]. The Coulomb peak positions of the 0−1 and 1−2
transition both move towards less positive VP, indicating
two spin-down electrons entering the dot. In general, for
a quantum dot having a non-degenerate orbital ground
state, the lowest-energy two-electron state is a spin sin-
glet. However, because of the valley degeneracy of silicon,
one can have orthogonal states that are very close in en-
ergy. A small magnetic field can lower the energy of the
spin triplet - where the two electrons are in different val-
ley states - with respect to the singlet [15]. Therefore,
we may interpret the results in Fig. 2 as a signature of
small valley-orbit splitting. A linear fit through the po-
sitions yields ∆VP = (703− 0.196×B‖) mV for the 0−1
transition; and ∆VP = (734 − 0.217 × B‖) mV for the
1−2 transition. Each Coulomb peak moves by half the
Zeeman energy EZ=|g|µBB‖, where µB = 58 µeV/T is
the Bohr magneton. Conversion of the slopes to energies
using α (here, α ∼0.29) yields g-factors of 1.96±0.20 and
2.17±0.18 for the 0−1 and the 1−2 transition, respec-
tively, consistent with electrons in bulk silicon.
Lines of increased conductance in the stability dia-
grams can be attributed to e.g. orbital excited states
in the dot or DOS modulations in the source−drain
leads [16]. Very recently, an efficient technique to probe
and control the reservoir density of states has been devel-
oped [17]. Here, we use this method to pinpoint the origin
of the resonant tunneling features in our device. Figures
3(a) and 3(c) show bias spectroscopy data for the 0−1
transition of the dot at B‖=4 T and 7 T. The shift of
the charge transitions in gate space compared to Fig. 2 is
due to thermal cycling. Pronounced conductance peaks
spaced by roughly 0.3 meV end on the Coulomb block-
aded regions. In Figure 3(b), we show the conductance
as a function of the source−drain voltage VSD and the
lead voltage VL1, L2. We compensate with the plunger
gate voltage VP to remain at the same distance from the
charge transition, corresponding to the dashed line trace
in Fig. 3(a). The conductance peaks (green arrows) shift
down in energy roughly linearly with increasing voltage
on the lead gates, which controls the Fermi level of the
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FIG. 3: Bias spectroscopy of the 0−1 transition of the dot at
(a) B=4 T and (c) 7 T. (b) Plot of conductance as a func-
tion of VSD and VL1, L2, corresponding to the dashed line in
(a). In order to maintain the position of the charge transition
while increasing VL1, L2, we compensate by reducing VP. Con-
ductance peaks move down in energy with increasing VL1, L2,
which controls the Fermi level in the leads, whereas the or-
bital excited state and ground state peaks (blue arrows) stay
constant. (d) Energy shift, δE, as a function of magnetic
field is extracted from the conductance peaks (green arrows)
shown in (a) and (c).
accumulation layer in the leads. We note that the ground
state (GS) and most likely an excited state (ES) of the
dot (blue arrows) are independent of the lead voltage.
By following the conductance peaks (green arrows) in
the stability diagrams systematically, we plot the energy
shift δE versus magnetic field in Fig. 3(d). The fitted line
indicates a slope of − 12gµB/e, that is half the Zeeman en-
ergy, in agreement with the interpretation that the con-
ductance peaks are due to DOS modulations in the leads.
In a magnetic field, the orbital GS of the dot splits into
spin-down and spin-up states by the Zeeman energy. This
shifts the spin-down state down by 12gµBB, as observed
in the magnetospectroscopy of the first charge transition
in Fig. 2(c). In the stability diagrams of Figure 3(a) and
3(c), the DOS modulations remain at the same position
for different magnetic fields. As a result the resonances
corresponding to DOS modulations shift by 12gµBB with
reference to the edges of the Coulomb diamonds. A more
detailed study of this quasi-one-dimensional DOS in nar-
row MOS structures can be found in [17]. The results in
Figure 3 show that we can discriminate between excited
states of the dot and the DOS in the leads.
4In summary, we have fabricated MOS quantum dot de-
vices with independent control of the electron densities
in the leads and the quantum dot island. This design en-
abled us to observe the last electron leaving the quantum
dot. The first two electrons entering the empty dot are
both spin-down, most likely filling two nearly-degenerate
valley states. Finally, we showed that most conductance
peaks in the bias spectroscopy correspond to resonances
with the density of states in the leads. This quantum dot
design provides great promise for future experiments on
spin and valley physics in silicon.
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